. Aging and the time and frequency structure of force output variability. J Appl Physiol 94: 903-912, 2003; 10.1152/japplphysiol. 00166.2002.-The present study examined the time and frequency structure of force output in adult humans to determine whether the changes in complexity with age are dependent on external task demands. Healthy young (20-24 yr), old (60-69 yr), and older-old (75-90 yr) humans produced isometric force contractions to constant and sine wave targets that also varied in force level. First, force variability on each force task increased with advancing age. Second, both time and frequency analysis showed that the structure of the force output in the old and older-old adults was less complex in the constant-force level task and more complex in the sine wave force task. Third, the alterations in force output with aging were primarily due to low-frequency bands Ͻ4 Hz. These results support the postulation that the observed increase or decrease in physiological complexity with aging is influenced by the relatively fast time scale of external task demands (Vaillancourt DE and Newell KM. Neurobiol Aging 23: 1-11, 2002). spectral analysis; fractal analysis; motor control; nonlinear dynamics AGING TENDS TO INDUCE A RANGE of performance decrements in the human motor system. A common finding is that the amount of motor variability increases in the healthy aging adult over a broad set of tasks (7, 22, 35, 36) . Although consideration of the amount of variability is an important indicator of the aging neuromuscular system, the structure of motor variability also provides significant insight into system organization and motor control (11, 13, 20, 26) . The purpose of this article was to examine the effects of aging and task demands on the structure of force output variability. Whereas there has been considerable work on the structure of cardiac and respiratory rhythms with aging and disease (17, 18, 20, 21, 23) , less emphasis has been given to the organizational properties of physiological output from the motor system.
AGING TENDS TO INDUCE A RANGE of performance decrements in the human motor system. A common finding is that the amount of motor variability increases in the healthy aging adult over a broad set of tasks (7, 22, 35, 36) . Although consideration of the amount of variability is an important indicator of the aging neuromuscular system, the structure of motor variability also provides significant insight into system organization and motor control (11, 13, 20, 26) . The purpose of this article was to examine the effects of aging and task demands on the structure of force output variability. Whereas there has been considerable work on the structure of cardiac and respiratory rhythms with aging and disease (17, 18, 20, 21, 23) , less emphasis has been given to the organizational properties of physiological output from the motor system.
A central theory regarding the age-related structure of behavioral and physiological variability is the loss of "complexity" construct due to aging and disease (24) .
The term complexity is related to the broader concepts of fractals and dynamics in disease (9) and aging (41, 42) , in which behavioral and physiological systems change due to aberrations in their time and frequency structure. The time and frequency structure of physiological output has been operationally measured by applying multiple dependent variables from both fractal and nonlinear dynamic time series methodology (1, 14, 17, 18, 21, 27, 30) . One application from this time series methodology for biology and medicine has been in discovering new clinical diagnostic and prognostic biomarkers for health, aging, and disease (for review see Refs. 24, 37) . Indeed, previous work on patients with Parkinson's disease has shown an alteration in the time and frequency structure of force tremor with increases in the severity of Parkinson's disease (39) ; however, to date, there has been no systematic investigation of the time and frequency structure of force output with human aging.
In this paper, we test the loss of complexity hypothesis, which projects that there will be reduced time and frequency complexity of force output with aging (24) . A contrasting view, however, is that tasks with different external demands would differentially influence the time and frequency complexity of force output as a function of human aging (37, 38) . In particular, we test the hypothesis that, when the aging neuromuscular system adapts to perform a task of a continuous and constant-force output, there will be a decrease in the time and frequency complexity with aging. However, when the neuromuscular system is required to produce a repetitive sinusoidal force output, there will be an increase in the time and frequency complexity of force output. In this view, the physiological complexity of the force output as a function of age can be driven to either increase or decrease, according to the external task demands.
Previous studies on isometric force output have shown that specific processes related to physiological tremor and sensorimotor feedback oscillations occur in different frequency bands of force output (4-6, 33, 40) . As a consequence, the time and frequency structure of force output was examined in different frequency bands to determine the neural processes most affected by human aging. In summary, it was of interest to understand the frequency structure of the force output that was influenced by aging, external task demands, and their interaction. It was anticipated that the findings would have direct implications for theory about the nature of change in physiological complexity with human aging.
METHODS

Participants
A total of 30 participants were assigned to three different age groups: young group (n ϭ 10; range: 20-24 yr of age; mean: 22 Ϯ 1 yr; 5 women and 5 men), old group (n ϭ 10; range: 64-69 yr of age; mean: 67 Ϯ 2 yr; 5 women and 5 men), and older-old group (n ϭ 10; range: 75-90 yr of age; mean: 82 Ϯ 5 yr; 5 women and 5 men). Twenty-nine of the thirty participants were right-hand dominant. The participants were naive to the purpose of the experiment, and all participants gave informed consent to all experimental procedures, which were approved by the local Institutional Review Board.
The three age groups consisted of moderately active individuals. Persons who were highly active were excluded from the study. Also, elderly persons who were considered frail were excluded from the study. Twelve of twenty participants in the two elderly groups were taking medication for the treatment of high blood pressure. The distribution of persons taking medication for high blood pressure was eight in the older-old group and four in the old group. None of the elderly participants reported having a neuromuscular or neuropsychiatric disease, nor did any of the participants have diabetes. Also, 12 of 20 elderly participants reported having arthritis, and each was taking medication for the condition. The distribution of persons reporting arthritis of the hand was seven in the older-old group and five in the old group. All participants remained on their normal medications during testing.
Apparatus
Participants were seated in a chair with their dominant forearm resting on a table (75 cm in height). The participant's dominant hand was pronated and lay flat on the table with the digits of the hand comfortably extended. Figure 1 depicts the setup, in which, along with the wrist, the third, fourth, and fifth phalanges were constrained from moving. The elbow position remained constant throughout the experimental session. Through abduction, the participant's lateral side of the index finger contacted the load cell (Entran ELFS-B3), 1.27 cm in diameter, which was fixated to the table. The load cell was located 36 cm from the participant's body midline. Analog output from the load cell was amplified through a Coulbourn type A (strain-gauge bridge) S72-25 amplifier at an excitation voltage of 10 V and a gain of 100. A computercontrolled 16-bit analog-to-digital (A/D) converter sampled the force output at 100 Hz. The smallest increment of change in force that the A/D board could detect was 0.0016 N. The force output was displayed on a video monitor located 48.6 cm from the participants' eyes and 100 cm from the floor. According to previous work from our laboratory, the display-tocontrol gain was set at 20 pixels per 1-N change in force for each participant.
Procedures
During the initial portion of the experiment, the participant's maximum voluntary contraction (MVC) was estimated (40) . Participants abducted their index finger against the load cell with maximal force for three consecutive 6-s trials. A 60-s rest period was provided for each participant between each MVC trial. In each MVC trial, the mean of the greatest 10 force samples was calculated. The means obtained from three trials were averaged to provide an estimate of each participant's MVC.
Participants adjusted their level of force output to match a red target line (1 pixel thick) on the video monitor. Participants viewed on-line feedback of their performance in the Fig. 1 . Constant (left) and sine wave (right) force output task. A: the force target viewed by the participant. Force output is shown for a young (B), old (C), and older-old subject (D), respectively, at 10% maximum voluntary contraction (MVC). Subjects were instructed to match their force to the target line. E: hand setup during force production. The 3rd, 4th, and 5th phalanges were constrained from moving. Also, the wrist position was fixed throughout the session.
form of a yellow force-time trajectory that moved from left to right in time across the video monitor (see Fig. 1 ). They were instructed to match the yellow trajectory line to the red horizontal target line throughout each trial and to minimize all deviations of the yellow line from the red line.
To examine tasks effects on the structure of force variability, participants produced force at a constant and sinusoidal target. The constant target was a horizontal line displayed across the center of the video monitor. The sinusoidal target consisted of a 1-Hz sine wave that spanned the width of the monitor. The amplitude of the target sine wave was 10% of the individual participant's MVC. Participants produced force at 5, 10, 20, and 40% of their MVC under both the constant and sine wave force conditions. They produced force for two consecutive 25-s trials at each unique condition. A rest period of 100 s was provided between each force trial. The order of the force and target conditions was randomized across all participants.
Data Analysis
The force-time series data were conditioned by the following methods. First, the initial 5 s of each force-time series were removed to allow participants time to achieve the force target. Second, force data were digitally filtered by using a fourth-order Butterworth filter with a low-pass cutoff frequency of 20 Hz. All data processing and subsequent time and frequency analyses were performed by using software written in Matlab (The MathWorks, Natick, MA). The analysis of force output focused on two primary issues: 1) the amount of force variability and 2) the structure of force variability.
Amount of force variability. The amount of force variability was assessed by calculating the root mean square (RMS) error. The equation
where N is the number of data points in the time series, t is the force target, and xi is the force sample, calculates the average sum of squared deviations of the participant's force output from the target force line.
Structure of force variability. The structure of force variability was examined by using multiple time and frequency analyses. Approximate entropy (ApEn), spectral slope analysis, spectral degrees of freedom (DOF), and power spectral analysis methods were used to examine the force signal.
APEN. To examine the time-dependent structure, the ApEn of the force output was calculated (27, 28, 29) . ApEn returns a value between 0 and 2, and it reflects the predictability of future values in a time series based on previous values. For example, a sine wave has accurate short-and long-term predictability, and this corresponds to an ApEn value near 0. If varying amplitudes of white Gaussian noise are added to a sine wave, then ApEn would increase. This increases the uncertainty of making future time series predictions when random elements are added. For a completely random signal (namely, white Gaussian noise), each future value in the time series is independent and unpredictable from previous values, and the ApEn value tends toward 2. The same algorithm and parameter settings (m ϭ 2; r ϭ 0.2 ‫ء‬ standard deviation of the signal) were used here and in previous work (33) .
DETRENDED FLUCTUATION ANALYSIS. The second time domain analysis used to assess the structure of force variability was the detrended fluctuation analysis (DFA), and the full details of the DFA method have been described elsewhere (12, 13).
Briefly, the force signal is first integrated and detrended. Next, the RMS is calculated at different time scales, and the slope of the relationship between the fluctuation magnitude and the time scale determines the fractal scaling index (␣). We calculated DFA over the region 10 Յ n Յ 122 (because each time step was 10 ms, this translates into 100 and 1,220 ms, respectively), where n is the length of each box (i.e., number of time bins in each box) designating where the linear regression fits were performed. The x-axis of Fig. 2 shows the logarithmic scale of the DFA calculated region where the log 10 of 10 equals 1 and log10 of 122 is 2.0864. Figure 2 shows plots from the DFA in the constant ( Fig.  2A ) and sine wave (Fig. 2B ) tasks. The area between the vertical dashed line indicates where the linear regression was calculated. The average r 2 value between the log n and log F(n) across all subjects and conditions was 0.96 with a standard deviation of 0.01. The slopes were always calculated in the same region across subjects and task conditions. In the sine wave task, there was a crossover, but this element of the data was not included in the exponent estimate. Therefore, the slope estimates were taken over the optimal scaling region of the DFA plots (16) .
If the force output fluctuations are random, then ␣ would be closer to 0.5. In contrast, if the ␣ value tends toward 1.5, this indicates that the data are consistent with brown noise. If the ␣ value is closer to 1.0, this suggests that long-term correlations are present in the force data. It has previously been suggested that aging and disease are associated with either random noise or brown noise and that physiological variability from a healthy person is consistent with the presence of long-term correlations (10, 18) .
FREQUENCY ANALYSIS. Several frequency analysis methods were used to quantify the frequency structure of the force signal. Before the frequency structure was quantified, the Fourier analysis method was applied to the force data (19) . Autospectral analysis of the force signal was performed by using Welch's averaged periodogram method, with a window size of 256. Because the force signal was sampled at 100 Hz, this approximated a 0.3906-Hz frequency bin for each power spectral estimate.
The first frequency analysis statistic calculated was spectral DOF. Spectral DOF is a statistic that was initially introduced by Blackman and Tukey (2) . Spectral DOF is calculated from
where S i are the power estimates at each frequency bin. Note that the quantity is unity for a perfectly sharp peak and equal to N for white noise.
The second frequency analysis, the spectral slope, was calculated by the following equation
In this equation, the power function exponent, b, is a parameter that scales changes in spectral frequency, f, to changes in spectral power, S. When changes in power as a function of frequency are viewed graphically, b identifies the slope and a represents the y-intercept of the equation (8, 23) . For the purposes of the present study, only the value of b was of interest. As the power spectrum becomes more broadband, and therefore closer to white Gaussian noise, the value of the power function exponent increases from negative values toward zero. Thus, like ApEn, DFA, and the spectral DOF, the exponent of the power spectrum provides another means of obtaining a global description of the structure of force variability.
Because specific neurophysiological processes are related to the frequency structure of force output, the third frequency analysis used in this study examined the sum of the S in the 0-to 4-, 4-to 8-, and 8-to 12-Hz bins. Physiological tremor is present at higher frequencies between 5 and 12 Hz in the force recording (4, 5) , and essentially all of the power related to slow sensorimotor (e.g., visuomotor) processing is located in the 0-to 4-Hz band of the force spectrum (6, 33, 40) . SURROGATE ANALYSIS. When using measures of complexity, it is important to rule out the possibility that changes in the dependent variable are merely a reflection of random noise (31, 34) . To ensure that our data did not reflect a purely stochastic process, the random time shuffle technique was used. Twenty surrogate time series were constructed for each unique force condition for each participant. After each surrogate time series was constructed, ApEn, spectral DOF, and the spectral slopes were calculated on the surrogate data and then compared with the ApEn, spectral DOF, and spectral slope values from the original data, respectively. These methods are described in more detail in the RESULTS section and in Schreiber and Schmitz (31) .
Statistics. The dependent variables described in the preceding sections were placed in repeated-measures ANOVA with a between-participant factor for age group and repeated measures on the task and force output conditions. The ANOVA was evaluated as significant when there was a Ͻ5% chance of making a type I error (P Ͻ 0.05). All statistical analyses were completed by using the Statistica statistical package (StatSoft). Figure 1 shows force output from a young (B), old (C), and older-old (D) participant at 10% MVC at the constant and sine wave targets. The amount of force variability was examined by calculating the RMS on each trial. Figure 3 depicts the RMS scores from each group across each unique condition, and it is clear that the amount of force variability increased with increases in Fig. 3 . Root-mean-square (RMS) values representing the amount of force variability in the constant and sine wave force task. F, Young; E, old; , older-old group. Each symbol represents the average of all 10 subjects, and the error bars represent the between-subject SD.
RESULTS
Amount of Force Variability
the force target level. The ANOVA (aging ϫ task ϫ force) confirmed that the RMS increased with the force target level [F(3,81) ϭ 22.76, P Ͻ 0.01] and increased from the constant to the sine wave target [F(1,27) ϭ 45.45, P Ͻ 0.01]. As shown in Fig. 3 , the old and older-old groups had greater RMS values at each force level compared with the younger participants, and this resulted in a significant main effect for age [F(2,27) ϭ 11.57, P Ͻ 0.01]. In addition, there was a significant age-by-task interaction [F (2, 27) 
Additional two-way (age ϫ task) ANOVA was performed at each of the four force levels to determine whether the effects of aging occurred at each force level. At 5% MVC, there were greater RMS values with aging, which resulted in a main effect for age, [F(2,27) ϭ 14.14; P Ͻ 0.0001], and the effect for task was also significant [F(1,27) ϭ 109.42; P Ͻ 0.0000]. None of the interactions reached significance. Tukey's honestly significant different (HSD) post hoc test revealed that the old and older-old groups had significantly greater RMS values compared with the young group, but there was no statistically significant difference between the two older age groups. At 10% MVC, the RMS values were greater in the old and older-old groups [F(2,27) ϭ 9.35; P Ͻ 0.0008], and the sine wave task had greater RMS values than the constant task [F(1,27) ϭ 70.85; P Ͻ 0.0000]. None of the interactions reached significance. Similar to the 5% force level, Tukey's HSD post hoc test revealed that the old and older-old groups were different from the young group but not different from each other. At 20% MVC, the main effect for aging was significant [F(2,27) ϭ 17.29; P Ͻ 0.0000], and the task main effect was again highly significant [F(1,27) ϭ 27.00; P Ͻ 0.0000]. None of the interactions reached significance. Tukey's HSD post hoc test again revealed that the old and older-old groups were different from the young group. In contrast to the 5 and 10% MVC conditions, in the 20% MVC condition the older-old group had greater RMS values than the old group. Finally, at 40% MVC, the RMS values were significant for age group [F(2,27) ϭ 5.17; P Ͻ 0.0126] and for the sine wave having greater RMS values compared with the constant-force task [F(1,27) ϭ 17.42; P Ͻ 0.0003]. The age-by-task interaction did approach significance [F(2,27) ϭ 3.28; P Ͻ 0.0529], but none of the other interactions were significant. Tukey's HSD post hoc test revealed that the old and older-old groups were different from the young group, but there were no significant differences between the two old-age groups.
Taken together, these results indicate that force variability (RMS) was greater for the older individuals compared with the young individuals at each force level. At three of four force levels (5, 10, and 40%), there was no statistically significant difference between the two old-age groups, but Fig. 3 does suggest small differences. There was also a consistently higher level of force variability in the sine wave task compared with the constant-force task. Finally, the three-way age-by-task-by-force interaction was shown to be the product of an age-by-task interaction at the 40% MVC force level, whereas there was no age-by-task interaction at the other force levels.
Structure of Force Variability
To determine whether the force data showed any nonstationarity during the trial, the mean and standard deviation of force output were calculated for the first and second half of each trial and compared in a three-way (age ϫ initial/last ϫ task) ANOVA for each force level. Neither the mean nor the standard deviation of force was different between the first and second half of the force time series. This result indicates that nonstationarity was not a limiting factor in the time series analyses that follow. Figure 4 shows the force output in the sine wave and constant-force task along with the log-log plot from spectral analysis. The data reveal opposite trends for the spectral slope with aging in the constant compared with the sine wave task. This phenomenon was assessed in the time and frequency domains by using ApEn, DFA, spectral DOF, and spectral slope analyses. Figure 5A shows that, in the constant task, ApEn decreased across the young, old, and older-old groups but that it increased with aging in the sine wave task. These directionally opposite changes in ApEn across task and age group resulted in a nonsignificant main effect in the ANOVA for age [F(2,27) ϭ 0.77, P Ͼ 0.05], but there was a significant decrease in ApEn from the constant task to the sine wave task [F(1,27) ϭ 99.96, P Ͻ 0.01]. The observation of directionally opposite changes in ApEn with task and age was confirmed by a highly significant age-by-task interaction [F(2,27) ϭ 17.03, P Ͻ 0.01]. Two separate ANOVAs (aging ϫ force) were calculated for the constant and sine wave force task, which revealed a significant decrease in ApEn across aging in the constant task [F(2,27) ϭ 4.81; P Ͻ 0.01] and a significant increase in ApEn across aging in the sine wave task [F(2,27) ϭ 3.62, P Ͻ 0.05]. The ApEn analysis revealed that the structure of force output was more regular in the sine wave task compared with the constant task and, most importantly, that there is more regular force contractions in the constant-force task and more irregular force contractions in the sine wave task with advancing age.
Figure 5B shows the scaling index ␣ from the DFA method in the constant and sine wave tasks. The ␣ value increases with aging in the constant-force task and decreases with aging in the sine wave force task. This finding resulted in a nonsignificant main effect for age [F(2,27) ϭ 0.38, P Ͼ 0.05], but there was a significant increase in ␣ from the constant to the sine wave task [F(2,27) ϭ 47.84, P Ͻ 0.01]. The opposite changes in the scaling index ␣ with age between the two tasks resulted in an age-by-task interaction [F(2,27) ϭ 21.69, P Ͻ 0.01]. We calculated two separate ANOVAs (ag-ing ϫ force) for the constant and sine wave force task, which revealed a significant increase in ␣ across aging in the constant task [F(2,27) ϭ 3.6, P Ͻ 0.05] and a significant decrease in ␣ across aging in the sine wave task [F(2,27) ϭ 18.41, P Ͻ 0.01]. The DFA analysis revealed that there was more Brownian noise with aging in the constant task but that the pattern reversed with more Brownian noise in the younger group in the sine wave task.
The spectral DOF analysis examines the structure of the force oscillations in the frequency domain where higher values correspond to more spectral DOF. Figure  5C shows that the spectral DOF values decreased with advancing age in the constant task and increased with advancing age in the sine wave task, and this resulted in a nonsignificant main effect for age [F(2,27) ϭ 0.18, P Ͼ 0.05]. There was, however, a significant decrease in spectral DOF from the constant task to the sine wave task [F(1,27) ϭ 87.28, P Ͻ 0.01]. The important finding from the ANOVA was that there was a significant aging-by-task interaction [F(2,27) ϭ 18.05, P Ͻ 0.01]. Two separate (aging ϫ force) ANOVAs were calculated for each task, and there was a significant decrease [F(2,27) ϭ 3.53, P Ͻ 0.05] and increase [F(2,27) ϭ 20.53, P Ͻ 0.05] in spectral DOF with aging in the constant and sine wave tasks, respectively. Thus the spectral DOF results revealed that the frequency structure of the force output had fewer spectral DOF with aging in the constant-force task and greater spectral DOF with aging in the sine wave task. Fig. 4 . Force output and the spectral slope analysis in the constant and sine wave tasks. A: force output from a male young subject (25 yr; top) and male older-old subject (78 yr; bottom) in the constant-force task. C: the corresponding log-log spectral analysis plot, where the slope for the young subject was Ϫ1.3 and that for the older-old subject was Ϫ1.9. B: the force output from the same 2 subjects in the sine wave force task. D: the corresponding log-log spectral analysis plot. The opposite trend is observed with the younger subject having a more negative slope, Ϫ2.9, compared with the older-old subject, Ϫ2.6.
The spectral slope was calculated by estimating the slope from the best-fitted linear regression between the log-log relation of the frequency and power axes from Fourier analysis. Figure 5D shows that the spectral slope became more negative with aging in the constant task and more positive with aging in the sine wave task. The ANOVA also confirmed that there was a significant aging-by-task interaction [F(2,27) ϭ 7.33, P Ͻ 0.01]. The ANOVA revealed that there were more negative spectral slopes for the sine wave task compared with the constant-force task [F(1,27) ϭ 222.11, P Ͻ 0.01]. In summary, the ApEn, DFA, spectral DOF, and spectral slope analyses showed systematic taskdependent differences in the structure of force output complexity with aging.
An important concept when using measures of complexity is to rule out the possibility that changes in the dependent variable are merely a reflection of random noise (31, 34) . To ensure that our data did not reflect a purely stochastic process, the random time shuffle technique was used. In performing the surrogate tests, 20 surrogate time series were constructed for each unique force condition for each participant. After each surrogate time series was constructed, ApEn, DFA, spectral DOF, and the spectral slopes were calculated on the surrogate data and then compared with the ApEn, DFA, spectral DOF, and spectral slope values from the original data. The null hypothesis tested in this analysis is that the original data are consistent with a purely stochastic process. If the original data were consistent with a purely stochastic model, then we would expect similar statistical values in the surrogate data compared with the original time series.
We calculated the statistic S S ϭ M orig Ϫ M surr / SD surr (4) where M orig is the original ApEn, DFA, spectral DOF, or spectral slope value; M surr is the surrogate ApEn, DFA, spectral DOF, or spectral slope value; and SD surr is the standard deviation of the ApEn, DFA, spectral DOF, or spectral slope values from the 20 surrogate time series. The value S from Eq. 4 represents the number of standard deviations separating the original from the surrogate statistic. Thus the higher the S value, the more robust the difference between the original data and its surrogates. If the null hypothesis were true, then we would expect very low S values near zero. Table 1 shows the mean and standard deviation of the S values for each group for ApEn, DFA, spectral DOF, and the spectral slope. The S values were clearly greater than zero for each participant, and the standard deviation values did not approach zero. Thus the null hypothesis that the original data are consistent with a purely stochastic process can be rejected.
Frequency Structure of Force Output
Specific neurophysiological processes are related to the frequency structure of force output. We examined 1, 2, 11, 13, 29) . F, Young; E, old; , older-old group. Each symbol represents the average of all 10 subjects collapsed across all 4 force levels, and the error bars represent the SD.
the sum of power in the 0-to 4-, 4-to 8-, and 8-to 12-Hz frequency bands of force output to determine whether the differences found in the variability analyses with aging are related to visuomotor control or to changes in physiological tremor. Figure 6A shows the spectral analysis of force output from a young, old, and older-old participant in the constant-force task at 20% MVC. Essentially all of the power for each participant is located in the 0-to 4-Hz band, and there were systematic differences among the participants in this frequency band. The older-old participants had the greatest power compared with the old and young participants, with the peak power ϳ1 Hz. The old participants had a higher amount of power in the 0-to 2-Hz band compared with the young participants, and the peak power for each participant was also ϳ1 Hz. Two separate three-way [aging ϫ force ϫ frequency bin (0-4, 4-8, 8-12 Hz)] ANOVAs for the constant and sine wave task were used to examine the significant changes in power in the different frequency bins. Figure 6B shows the results from the constant-force task that is consistent with Fig. 6A , showing that most of the differences between the aging groups were located in the 0-to 4-Hz band of force output. In the constant-force task, the ANOVA revealed a significant increase in the sum of power with aging [F (2, 27) , and planned contrast analysis directly showed that the interactions were due to aging differences in the 0-to 4-Hz bandwidth (also see Fig. 6B ).
DISCUSSION
The purpose of this study was to examine the structure (in the time and frequency domains) of force output variability as a function of human aging. However, it is important to note that the findings from both force output tasks were clear in showing the traditional effect of the amount of force variability being higher in the old and older-old groups compared with the young participants. Although previous reports on continuous isometric force production at the knee extensors have not found differences in force variability with age (3, 15) , the age-related variability differences found in this study are consistent with previous reports examining the effects of aging on the amount of isometric force variability at the first dorsal interosseous during second-finger abduction (7, 22, 36) . This difference in force variability with aging found at different muscle groups could be related to use and disuse or to the natural changes in the neuromuscular system at different joints with aging. Another difference found in this Values are means Ϯ SD. ApEn, approximate entropy; DFA, detrended fluctuation analysis; DOF, degrees of freedom. Fig. 6 . Sum of power (N 2 ) for the young, old, and older-old subjects in the constant-force task. A: individual subject power spectrum for a young (solid line), old (dotted line), and older-old (dashed line) subject at 20% MVC. B: sum of power across force levels and the 0-to 4-, 4-to 8-, and 8-to 12-Hz frequency bins. The sum of power was calculated by summing the total power at each 0.3906-Hz bin for each unique condition. F, Young; E, old; OE, older-old group. Each symbol is the average across 10 subjects in the constant-force task at each unique condition. study compared with previous work was that we found greater differences with age at the highest force levels compared with the lower force levels. Whereas this finding may seem counter to previous studies (7, 22) , this is likely due to the previous work normalizing the force variability to the mean force produced (i.e., coefficient of variation). For example, in a separate study with the same participants, we showed that, in the coefficient of variation, the largest differences between age groups is observed at the lowest force levels (36) , and a similar observation for the standard deviation and the coefficient of variation can be seen in the data from other laboratories in the literature (Fig. 3 in Ref.  22) .
The findings from the amount of force variability also showed an age-by-task interaction, with greater differences found between the age groups in the sine wave task compared with the constant-force task. This finding is consistent with previous data that showed that, during knee extension, older persons produce greater force output variability in discrete force contractions, but there are no differences with aging for continuous force contractions (3). In our task, sine wave force control is similar to the discrete force contractions, and these two studies provide converging evidence that older persons are more variable during ballistic or discrete force contractions than during continuous force control.
The time and frequency complexity of force output was assessed through analyses using ApEn, DFA, spectral DOF, and spectral slope analysis to examine the structure of force output (1, 2, 11, 13, 27) . The analyses showed that all of these indexes of force output changed in parallel, showing less complex force contractions with aging in the constant-force task and more complex force contractions with aging in the sine wave force task. The finding of an interaction between the constant or sine wave task and aging is counter to the hypothesis that would project that the complexity of force output always decreases with aging (24) . The surrogate data analysis showed that the increase and decrease in the time and frequency complexity were not due to alterations in stochastic, uncorrelated noise (10, 34, 38) , and this provides confidence in the robustness of the challenge that these data provide to the loss of complexity hypothesis.
The findings from these experiments are much more consistent with the hypothesis that the directional change in behavioral and physiological complexity with aging is not a universal relation but rather is, to some degree, dependent on external demands (37) . In particular, in physiological and behavioral systems in which the task dynamic is a dimension of zero (fixedpoint attractor), there will be a decrease in complexity with aging and disease. This is because, to realize the task goal of no motion, additional DOF are introduced by the neuromuscular system, but older adults are poorer at this (hence lower complexity) than their younger counterparts. In contrast, there is an increase in complexity with aging and disease in systems in which the task dynamic is oscillatory, and older adults have more difficulty reducing the dimension of their output to a lower dimension than the intrinsic dynamics of the resting state of the system (37, 41, 42) . The present findings provide support for this hypothesis by showing less complex force output with aging in the constant (fixed-point) task and more complex force output in the sine wave (oscillatory) task.
Physiological output is due to the interaction of the confluence of constraints from the organism, environment, and task (25) . Clearly, the processes of aging induce a variety of changes to the system (organism), but they are typically always assessed in the context of a particular environment and task demands. Thus it is very difficult to derive an isolated test of the aging system from the perspective of the organism alone. The different sources of constraint to human aging also tend to have different time scales or rates of change in their influence on the neuromuscular system. The processes that are typically associated with aging tend to have slower rates of change than those that can be induced by external task demands that require a rapid change from the resting stable state of the system. Thus the aging system itself may be on a slow decline to reduced complexity (24) , but this assessment is typically mediated and sometimes masked by the demands of the task (37) .
Another important finding from this paper was that the alterations in the time and frequency structure were due to changes in the low-frequency, rather than high-frequency, portion of force output. Previous studies on isometric force output have shown that specific processes related to physiological tremor and sensorimotor feedback oscillations occur in different frequency bands (6) . For instance, processes related to physiological tremor are present at higher frequencies between 5 and 12 Hz in the force recording (5) , and essentially all of the power related to sensorimotor processing is located in the 0-to 4-Hz band of the force spectrum (33, 40) . In this context, most of the changes in force output variability with human aging occur through slow sensorimotor processes. It is evident that several sensory and motor processes could potentially mediate the present findings (22, 32, 36) .
In summary, this study showed three key findings. First, the amount of force variability was found to increase with aging at each force level examined. Also, the sine wave force contractions were more variable than the constant-force contractions, consistent with previously reported findings at the knee joint (3). Second, this paper provides the first direct empirical evidence that the force output signal from the secondfinger abduction can increase or decrease in complexity with aging, depending on the constant or sine wave task. These findings support the theoretical position advanced regarding increases and decreases in biological signal complexity with human aging and disease (37) . Third, the spectral analysis directly showed that changes in force output observed with human aging were primarily due to alterations in the low 0-to 4-Hz band of the force output signal.
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